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(57) Abstract 

A demodulator (414) for hnprovfaig bit error rate performance consists of a zero threshold comparator circuit (502), a first threshold 
detector circuit (508), and a second threshold detector circuit (504). The first threshold detector circuit (508) oompaies the fttqueiacy 
infbnnation sigmd to a pieddermined tbreshold, which is selected to optimize Ut error rate performance. The second detector dueshold 
dicult (504) Is used to ensure tiiat an alternating bit pattern has occurred. The demodulator (414) also bicludes a control device circuit 
(516) for coupling a phuallty of biu (522) firom a zero threshold comparator (502) to die output of the control devfce as a decision output 
simia] (416) when the fkequency information d^aal fUls outside of either the fiist or second detector thresholds (508, 504). If die fitequency 
Infffrmyriim iignal falls widdn bodi tfaieaholds of die detector devices, dien ibe dedsion onqnit signal (416) for die omtrd device (516) Is 
fouMd by Inverting the bit decision firom die previous bit faitervaL 
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A DEMODULATOR FOR FREQUENCY SHIFT KEYED SIGNALS 

Technical Field 

This invention relates in general to electronic communication 
5 circuits and more particularly to demodulator circuits. 

Background 

Gaussian Frequency Shift Keying (GFSK) and Gaussian Minimxun 
Shift Keying (GMSK) have been used in a number of digital 

10 communication system applications, including Second Generation Cordless 
Telephone (CT*2) and Groupe Sp&dale Mdbile (GSM). Future applications 
of GMSK/GFSK include Digital European Cordless Telephone (DECT) 
(1.152 mega-bits-per-second, Mbps, data rate) and Radio Local Area 
Network (RLAN) (1.0 Mbps data rate), 

15 A conventional GFSK modulator 100 as shown in FIG. 1 of the 

accompanying drawings shows a Gaussian Pre-Modulation Filter 104 with 
a time-bandwidth product BT for band limiting the nonretum-to-zero 
(NRZ) data input 102. The resulting signal is then input into an FM 
modulator 106 having a maximum deviation set to AO Hz for pn>viding the 

20 GFSK signal 108. 

A conventional approach for demodulating GFSK information in a 
radio is to use an analog discriminator followed by a low-pass filter and 
center slicer (as a decision device). Although this demodulation method has. 
been implemented successfully in the past, the complexity of the drcuitiy 

25 associated with an analog discriminator and its required tuning make it 
difficult to implement. Overall size and cost of the radio tends to increase 
with such circuitry. DC offsets inherent in analog circuitry can also make 
accurate frequency control difficult to achieve. Implementation of other 
communication functions, such as algorithms for synchronization and 

30 diversity, are difficult to implement. Furthermore, the combined band- 
limiting of the prs-modulation filter and the receive filters results in 
degraded bit error rate (BER) performance, which causes degraded 
receiver sensitivity in the radio. 
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A conventional analog demodulator for GFSK is illustrated in FIG. 
2. Demodulator 200 includes an intermediate frequenpy (IF) filter 204 
which is used to limit the noise level of the IF input signal 202, followed by 
a limiter/discriminator 206» a post-detection low-pass filter 208 for further 
5 noise reduction, and a center sheer 210 to slice the output into bits 212. 
The conventional center slicer 210 compares the frequency information 
signal or differential phase signal, A9 , to a zero threshold. When slicer 
circuit 210 is used nearly all bit errors occur on the two alternating bit 
patterns, namely, "010" and "101". 

10 Referring to FIG. 3, a graph showing the relationship between the 

differential phase signal, AO , and normalized qrmbol number for a set of 
bit patterns from "000" to "111" is shown. The combined band-limiting of 
the pre-modulation, IF, and post-detection filters results in the formation 
of eye patterns. The tighter the eye pattern, the worse the number of bit 

15 errors produced by the demodulator. The bit patterns "010" and "101", as 
shown by the eye diagrams of FIG. 3, produce the worst eye closure (i.e. 
eye opening =33%) and are therefore the dominant source of bit errors. 
The eye patterns illustrated in FIG. 3 were developed using the RLAN 
system parametere, where the data rate is 1.0 Mbps, the Gaussian pre- 

20 modulation filter has a BT product of 0.39, the FM modulator has its 
deviation set to 250 kilo-hertz (KHz), and the IF filter is a 1 mega-hertz 
(MHz) SAW filter. Time and phase quantization noise inherent in digital 
demodulatore would produce even further increases in BER (e.g., tighter 
eye patterns) beyond those produced by analog demodulatore. 

25 An alternative data slicer structure used in demodulatore is 

described in an article entitled, **MultileveI Decision Method for Band- 
limited Digital FM with Limiter-Discriminator Detection". The article is 
found in IEEE Transactions on Vehicular. Technology, VOL. VT-33, No. 3, 
August 1984. Although this method improves bit error rate performance 

30 over conventional data slicere, it requires four thresholds that need to be 
set accurately. It is also sensitive to time and frequency errore, variations 
in frequency deviation, and quantizaticm noise. 
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Henoe, then is a need for a demodulator that can provide a 
reduction in bit error rate and be easily manufactured in an integrated 
circuit. 

5 Brief Description of the Drawings 

FIG. 1 shows a block diagram of a conventional GFSK modulator. 
FIG. 2 shows a block diagram of a conventional GFSK demodulator. 
FIG. 3 shows an eye pattern produced by a conventional GFSK 
demodulator. 

10 FIG. 4 shows a block diagram of a digital demodulator in accordance 

with the present invention. 

FIG. 5 shows a block diagram of the decision device circuit used in 
the demodulator shown in FIG. 4. 

FIG. 6 shows the first and second threshold detector levels of the 
15 decision device drcuit in FIG. 5. 

FIG. 7 shows a graph comparing bit error rate performance of the 
present invention vs. conventional methods for demodulating GFSK 
signals. 

FIG. 8 shows a block diagram of a radio receiver in accordance with 
20 the present invention. 

Detailed Descnription of the Pirefenred Embody 

A block diagram of a digital demodulator 400 in accordance with the 
present invention is illustrated in FIG 4. A received IF signal 402, such as 

25 found in a radio receiver, is filtered and limited by a filter/limiter 404 for 
providing first and second state logic levels. The received IF signal 402 is 
modulated using frequency shifi; keyed (FSK) modulation, preferably 
Gaussian frequency sht keyed (GFSK) modulation. A phase detector 406 
utilizes a high frequenpy clock 407 which provides a reference clock signal. 

30 The reference dock signal is used to estimate the time between zeio* 

crossings (i.e. state transitions) of the limited IF signal. This estimate is 
then mapped into an N-bit wcmi 418 representing the phase of the limited 
IF signal relative to the phase of the reference clock 407. A differential 
<9)eration is then performed on word 413 by a phase-to-frequency 
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conversion circuit 408 to compute the modulo-2it phase shift over a 
predetermined time interval, such as a one symbol interval. The resulting 
frequency information signal or differential phase signal 418, AG , is then 
sliced and mapped into bits 416 by a decision device circuit 414. Each of 
5 these migor functional blocks is discussed in detail below. 

The phase detector 406 internally generates an updated phase word 
at each zero-crossing of the IF input signal 402. The resulting phase signal 
is then sampled-and-held using a dock (not shown) at M times the bit 
rate. In the preferred embodiment, the phase detector 406 circuit 

10 generates a T-bit phase word, 413 (N=7) clocked at 8 samples per bit (M=8). 
In the preferred embodiment, the phase detector 406 is a direct phase 
digitizing circuit as described in Patent Cooperation Treaty publication 
number WO 93/12578, entitled "Apparatus and Method for Direct Phase 
Digitizing," by Christopher LaRosa, et al. 

15 The phase-to-frequenpy conversion circuit 408 comprises a delay 

circuit 410 and a subtractor 412. The phase-to-firequenpy conversion 
circuit 408 determines the modulo-2n phase shift of the received IF signal 
402 over a symbol interval. This is done by delaying the phase word 413 
by one bit period using delay circuit 410, which can be implemented with a 

20 NxM bank of D flip-flops, and subtracting the result from the current 
phase detector phase word 413. By using a two's complement phase 
mapping, a simple N-bit subtractor 412 can be used to perform the 
equivalent modulo-2}c differential operation. 

In the present mvention, a dedsion device circuit 414, as shown in 

25 FIG. 5, is utilized to counteract the eiiects of band-limiting and its 

associated degradation in bit error rate performance. This is accomplished 
by providing the differential phase signal (AO ) 418 to a zero-threshold 
comparator 502, a first threshold detector 508, and a second threshold 
detector 504. 

30 The zero-threshold comparator 502, takes the differential phase 

signal 418 and slices it into a plurality of bits 522 that are sent to an input 
terminal of a ctmtrol device, such as a 2:1 (two inputs, one output) 
multiplexer, 516. A control terminal of control device 516 is responsive to a 
select signal 524 having a first and second logic state. When select signal 
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524 is a first logic state level, such as a logic level low in the preferred 
embodiment, the control device 516 allows for bits 522 to be passed 
through control device 516 and presented as decision output signal 416 at 
an output terminal of the control device. A delay circuit 518 delays the 
5 current decision output signal by a predetermined time interval, such as a 
one symbol period, and a logic gate 520 inverts the delayed output signal 
and presents the delayed inverted signal to a second input of control device 
516. When the second state of the select signal 524 in the preferred 
embodiment is a logic level }^igh, the inverted delayed output signal 

10 becomes the new decision output signal 416 . 

The first threshold detector 508 determines if the incoming 
differential phase signal 418 is unreliable by using a predetermined 
threshold having upper and lower limits defined by (-£ <AB <4€ ) where e 
is programmed for optimal bit error rate performance. When the 

15 differential phase signal 418 falls outside the predetermined threshold, a 
first threshold indicator signal 514 is set to a first logic state level (a logic 
level low). When the dififerential phase signal 418 falls inside the 
predetermined threshold, the first threshold indicator signal 514 is set to a 
second logic state level (a logic level high). The first threshold indicator 

20 signal 514 is sent to a first input terminal of a combination means logic 
gate 510, such as an AND gate. In the preferred embodiment, a new logic 
level is presented to logic gate 510 for each 7-bit differential phase word 
presented to the detector circuits. 

The second threshold detector 504 and delay circuit 506 are used to 

25 ensure that an alternating bit pattern produced the event. The second 
threshold detector 504 takes the dififerential phase signal 418 (AO ) and 
compares it to a threshold having upper and lower threshold limits defined 
by (-nA/yRb<Ae <nA//Rb). The threshold limits for the second threshold 
detector are preferably set to approximately one-half the maximum 

30 differential phase signal, or «f/-7c(A//Rb), where A/ is the maximum 

frequenpy deviation and Rb is the bit rate. The second threshold detector 
504 compares the differential phase signal to the second detector threshold 
limits and generates a first logic state level, a logic level low in the 
preferred embodiment, when the differential phase signal falls outside of 
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the threshold limits. A second logic state levelra logic level high in the 
preferred embodiment, is produced when the differoitial phase signal falls 
within the threshold limits. The first or second logic state level is delayed 
by a predetermined time interval, such as one-half bit period, through a 
5 delay circuit 506 to ensure that an alternating bit pattern has produced the 
event. A delayed output signal such as a second threshold indicator signal 
512 is sent to a second terminal of logic gate 510. 

If both the first threshold indicator signal 514 and the second 
threshold indicator signal 512 are logic level high, the logic gate 510 will 

10 output a logic level hi^ select signal 524 to the 2:1 multiplexer 516. This 
logic level hi|^ select signal 524 indicates that the decision output signal 
from the previous egnnbol period should be inverted. This delay and 
inversion process is accomplished by feeding back the decision output 
signal 416 thzoufi^ delay circuit 518 (e.g. a delay circuit of one bit interval) 

15 and inverting the delayed signal by using inverter 520 and providing the 
delayed inverted signal to the second input terminal of the 2:1 multiplexer 
516. The delayed inverted signal is then passed through control device 516 
to generate the decision output signal 416 when select signal 524 is a logic 
level high. 

20 The thresholds for the first threshold detector 508 and second 

threshold detector 504 are illustrated in FIG 6. The first detector 

threshold* -fZ-e, 602 is selected to optimize bit error rate performance. In 
the preferred embodhnent, the first detector threshold has been set to -f /- 
it/8 radians, and the second detector threshold, V-nA/ZRb, 604 has been set 

25 to 4V-n^4 radians. 

The BER performance of the RLAN demodulator has been 
measurod and is plotted in FIG. 7. The performance of an analog 
discriminator having a conventional center slicer is graphed by line 704, a 
digital demodulator using a conventional center slioer is graphed by line 

30 702, and the digital demodulator with decision device circuit 414 of the 
present invention is graphed by line 706. The measured data shows that 
the digital demodulator having a conventional center slicer is about 3 dB 
worse than the analog discriminator with a conventional center slicer at a 
BER of 10-^ This performance degradation is due to the time and phase 
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• quantization inherent in an all^digital-approach. The demodulator of the 

present invention, which uses decision device circuit 414, provides for an 
approximately 3 dB improvement over the performance of the analog 
discriminator shown in graph 704 at a 10*^ BER. 

5 Referring now to FIG. 8, a block diagram of a radio frequency 

receiver 800 using the present invention is shown. A received radio 
frequency signal is first filtered by filter 802 and then sent to a low-noise 
amplifier (LNA) 804 for amplification. The amplified signal 814 is then 
converted to an intermediate frequency (IF) signal 810 by mixer 806. The 

10 IF signal 810 is generated by mixer 806 by combining signal 814 with a 
local oscillator (LO) signal 812. The IF signal 810 is then demodulated 
using demodulator 808 which in this case is the demodulator 400 which 
includes the decision device circuit 414 shown in FIG. 5. The demodulated 
signal is then sent to an audio/dat^ processor circuit 816 for providing 

15 audio or data signals to the radio :^^r. 

While the preferred embodiments of the invention have been 
illustrated and described, it will be clear that the invention is not so 
limited. Although described in combination with a phase detector circuit 
406 and a pheuse-to-frequency conversion circuit 408, the decision device 

20 circuit 414 could also be used to demodulate the frequenpy information 
signal produced by an analog discriminator and low-pass filter. 
Furthermore, the threshold detectors 608 and 504 could comprise of a 
conventional alternating pattern detector, rather than the threiphold 
detector as described by the invention, to determine if alternating patterns 

25 occurred within the frequency information signal. Numerous 

modifications, changes, variations, substitutions and equivalents will occur 
to those skilled in the art without departing from the spirit and scope of 
the present invention as defined by the appended claims. 

In summary, the decision device circuit 414 of the present invention 

30 has proven to be quite effective in counteracting the effects of both 
quantization noise and eye closure due to band-limiting. The decision 

* device circuit of the present invention has a much simpler digital 
implementation, is better able to counteract qiiantization efifects, and is 
much less sensitive to time and frequency wrors than that which is 
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presently available. The net result is a digital detector which offers a 
significant performance advantage over the conventional analog approach. 
The present demodulator can be readily integrated with other 
communication functions into a custom IC, thereby reducing the overall 
5 size and cost of the radio* In addition to the improved bit error rate 
performance, this invention eliminates the tuning requirements of an 
analog discriminator and the problems of DC offsets inherent in analog 
drcuitiy. 
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Claims 

1. A demodulator for demodulating a frequency shift keyed (F5K) 
signal and providing a frequency information signal, comprising: 

5 a zero threshold comparator responsive to the frequency 

information signal for providing a plurality of bits; 

a threshold detector coupled to the control device, the threshold 
detector is responsive to said frequency information signal for comparing the 
heqaency information signal to a predetermined threshold and providing a 

10 first logic state signal when the frequency information signal is outside of the 
predetermined threshold and a second logic state signal when ttie frequency 
information signal foils within the predetermined tiireshold; and 

a control means having an output terminal for providing a 
decision output signal, the control means providing the plurality of bits 

15 provided by the zero threshold comparator to the control means output 

terminal as a decision output signal in response to receiving the first logic state 
signal from the threshold detector, the control means delays and inverts the 
decision output signal and provides a delayed inverted output signal to the 
output terminal of the control device as a decision output signal in response to 

20 receiving a second logic state signal from the threshold detector. 

2. A dmnodulator as defined in claim 1, wherein the control means 
comprises: 

a control device having frrst and second input terminals, the 
25 first input terminal coupled to the z^t> threshold comparator for receiving 
the plurality of bits, and the control device having an ou^ut terminal for 
providing a decision output signal; and 

a feedback loop coupled between the output terminal of the 
control device and the second input terminal of the control device. 

30 

3. A demodulator as defined in daim 2, wherein the feedback loop 
comprises a delay circuit and inverter coupled in series for inverting and 
delaying the decision output signal present at the output terminal of the 
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control device and presenting it to the second input terminal of the contzol 
device. 
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4. A demodulator as defined in claim 2, wherein the control device 
further comprises a control terminal for receiving the first and second Ipgic 
state signals, the control device electrically couples the first input terminal 
of the control device to the output terminal of the control device when said 

5 first logic state signal is received at the control terminal and electrically 
couples the second input terminal to the output terminal when said second 
logic state signal is received at the control terminal. 

5. A demodulator as defined in claim 4, wherein the control device 
10 comprises a multiplexer. 

6. A demodulator as defined in claim 3, wherein the delay circuit 
comprises a one bit period delay circuit. 
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7. A method for-demodulatlng a frequency shift keyed (FSK) signal, 
the method comprising the steps of: 

a) converting the E5K signal into a frequency information signal; 

b) converting the frequency information signal into a plurality of 

5 hits; 

c) establishing a detector threshold; 

d) determining whether the frequency information signal fells 
outside or within the detector threshold; 

e) establishing a predetermined time interval; 

10 f) forwarding the plurality of bits as a decision output signal 

when said frequency iixformation signal falls outside the detector threshold; 
and 

g) inverting and delaying the decision output signal by a 
predetermined time interval when said frequency information signal falls 
15 witidn the detector threshold. 

8. A method in accordance with claim 7, wherein the predetermined 
time interval comprises a one bit period. 



BNSOOCID: <WO_e620e43A1J.> 



SUBSTITUTE SHEET (RULE 26) 



wo 95/20843 



PCTAJS95/01251 



13 

9. A radio receiver-comprising: 

a frequency detector drcuit for receiving a frequency shift keyed 
(FSK) signal and converting it to a frequency information signal; and 

a decision device draut for receiving the frequency information 
5 signal and providing a decision output signal, the decision device circuit 
includes: 

a zero threshold comparator responsive to the frequency 
information signal for providing a plurality of bits; 

a control device having input and output terminals, the input 
10 terminal coupled to the zero threshold comparator for receiving the plurality 
of bits; 

a threshold detector coupled to the control device, the threshold 
detector is responsive to said frequency information signal for comparing ttie 
frequency information signal to a predetermined threshold and providing a 
15 first logic state signal when the frequency information signal is outside of the 
predetermined threshold and a second logic state signal when the frequency 
information signal falls within the predetermined threshold; and 

the control device provides tite plurality of bits to the output 
terminal of the control device when the first logic state signal is provided by 
20 the threshold detector to said control device. 

10. A radio receiver in accordance with daim 9, wherein said 
frequency detector further comprises: 

a filter /limiter circuit for generating a filtered and limited signal 
25 related to the reed ved FSK signal; 

a phase detector circuit for recdving sdd filtered and limited 
signal and generating a phase word; and 

a phase-to-frequency converter for converting said phase word 
into said frequency information signal. 

30 
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11. A demodulator, comprising: 

a means for converting a frequency shift keyed (E5K) signal to a 
frequency information signal; 

a zero threshold comparator responsive to the frequency 
5 information signal for providing a plurality of bits; 

a control device having an input tenniiud coupled to the zero 
threshold comparator for receiving the plurality of hits, and the control device 
having an output terminal for providing a decision output signal; 

a threshold detector coupled to the control device, the threshold 
10 detector is responsive to said frequency information signal for comparing the 
frequency information signal to a predetermined threshold and providing a 
first logic state signal when tiie frequency information signal is outside of the 
predetermined threshold, said threshold detector comprises an alternating 
pattern detector for determining if alternating patterns have occurred within 
15 the frequency information signal; and 

the control device provides the plurality of bits as the decision 
output signal to the output terminal of the control device when the first logic 
state signal is provided by the threshold detector to said control device. 
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